Bond rotation within molecules is regarded as one of the nonradiative decay pathways and is detrimental to high photoluminescence quantum yields. In this work, a bulky and rigid blue emitter (Spiro-F) with five spiro-carbon linkages is synthesized. Spiro-F can serve not only as an active component of blue organic light-emitting diodes (OLEDs), but also as a host and blue emitter of white OLEDs. The WOLED offers a low turn-on voltage of 3.5 V and a high current efficiency of 3.6 cd A
Introduction
Over the past three decades, numerous efforts have been devoted to organic light-emitting diodes (OLEDs) due to their potential applications in flat-panel displays and solid-state lightings. [1] [2] [3] [4] [5] [6] [7] To achieve white OLEDs, a blue emitter is an essential component. 6 However, compared to its red, green and orange counterparts, the development of blue OLEDs is less advanced. This is due to inefficient charge injection and unfavorable electrical properties, caused by the intrinsically wide energy gaps of blue emitters. 8 Therefore, great efforts must be made to advance the area of high-performance blue-emitting materials to promote the commercialization of OLED technology. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Spirobifluorene 19,20 is considered as one of the most promising building blocks of blue emitters due to its high photoluminescence quantum yield (PLQY) and good thermal stability. [21] [22] [23] [24] Also, spirobifluorene-based materials feature no excimer emission or keto defects, which often occur in fluorene-based emitters. [25] [26] [27] Furthermore, spiro-connections would restrict intermolecular p-p interactions and thus facilitate an amorphous morphology. 28 These features have prompted us to construct extended spirobifluorene-based blue emitters, which we expect to show high PLQY, high thermal stability and pure color emission. According to the literature, linkages between spirobifluorenes in almost all the blue-emitting compounds are by single bonds or flexible segments. [29] [30] [31] Consequently, bond rotations can occur, affecting the possibility of high PLQYs. 32, 33 Spirobifluorene-based large ''super-rigid'' molecules (with no bond rotation) are rarely reported. Only Cocherel et al. in 2008 developed an oligophenylenebased compound, dispirobifluorene-indenofluorene, which showed excellent thermal stability and color purity, together with high PLQY up to 90%. 34 Therefore, it is essential to develop ''super-rigid'' blue emitters. Precursor Spiro-4O was used to synthesize tetrafluorenesubstituted tetraindeno-fused spirobifluorene (Spiro-F) with a ''super-rigid'', bulky geometry extended into three directions (Scheme 1). We anticipate that this material holds promise for use in OLEDs based on the following considerations: (1) the orthogonal configuration between the backbone and the substituted fluorenes can prevent intermolecular aggregation in the solid state; (2) the geometry and tert-butyl groups can induce solubility and formation of amorphous thin films; (3) the ''superrigid'' structure can reduce undesirable nonradiative decay.
Herein, we report the synthesis and characterization of the blue emitter Spiro-F with five spirobifluorene units. Its thermal stability, photophysical and electrochemical properties were analyzed. Finally, we investigated the performance of Spiro-F in blue and white organic light-emitting diodes (OLEDs).
Results and discussion

Synthesis
The facile synthetic route to Spiro-F is illustrated in Scheme 1. As we had previously reported, starting material tetraketone Spiro-4 was prepared on a multigram scale in a three-step synthesis. 35, 36 Firstly, excess fresh Grignard reagent, namely [1,1 0 -biphenyl]-2-ylmagnesium bromide, was prepared to ensure efficient nucleophilic attack upon tetraketone Spiro-4O. Then, the reaction was quenched with dilute hydrochloric acid to afford the tetra-alcohol intermediate, which was used directly in the next step without purification. A tetrafold intramolecular cyclization reaction was accomplished under reflux conditions using acetic acid as solvent.
After purification by column chromatography, Spiro-F was obtained in 88% overall yield. The chemical structure of Spiro-F was unambiguously confirmed by NMR spectroscopy, high-resolution MALDI-TOF mass spectrometry, and single crystal X-ray diffraction. After 2D NMR analysis, which included H-H NOESY, H-H COSY and H-H TOCSY, it was possible to assign the aromatic protons, as shown in Fig. S1 (ESI †). The NOESY spectrum (Fig. S2 , ESI †) allowed us to detect proton H F at 6.87 ppm, which is the only proton coupled through space with three other protons, namely H A , H E and H G . Based on the H-H COSY spectrum (Fig. S1 , ESI †), H D (6.54 ppm), H H (7.36 ppm), and H I (7.84 ppm) were assigned. Thermogravimetric analysis (TGA) of Spiro-F revealed excellent thermal stability, with 5% weight loss occurring at 540 1C (Fig. S4 , ESI †). The tert-butyl groups were completely cleaved upon increasing the temperature to 580 1C. The differential scanning calorimetry (DSC) curves of Spiro-F showed no phase transition in the range from 30 to 450 1C.
Crystallography
Suitable single crystals for X-ray diffraction analysis were obtained by slow evaporation of its pentane solution at room temperature. tert-Butyl groups played a significant role in inducing the solubility of Spiro-F and favored crystal formation in comparison to those with long alkyl chains. 37, 38 As shown in Fig. 1 , the two diindenofused fluorene (DFF) backbones 15 Å in length are perpendicular to each other and the backbones are not completely flat with slight distortions on both sides. Annulated rigid and strained fivemembered rings lead to the obvious backbone distortion, which is not observed in its analogues Spiro-4S, Spiro-4SO 2 and 4Ph (chemical structures are shown in Fig. S5 , ESI †). 36, 39 Two face-toface fluorenes 8.76 Å in distance are quasi-parallel. This is one ''super-rigid'' structure characterized using X-ray crystallography. In the crystal-packing diagram ( Fig. 1 bottom left) no intermolecular p-p interactions are detected between the two DFF p-conjugated systems, due to steric hindrance from perpendicular fluorene units. 36 
Optical and electrochemical properties
The electronic absorption and photoluminescence spectra of Spiro-F are illustrated in Fig. 2 . From the UV-Vis absorption spectrum, we assign the four obvious bands to the conjugated DFF backbones since the characteristic peaks (312, 334, 360, 379 nm) are very similar to those of its analogues Spiro-4S, Spiro-4SO 2 and 4Ph (chemical structures shown in Fig. S5 , ESI †). 36, 39 Moreover, in the case of Spiro-F, two emission bands at 386 and 406 nm in CH 2 Cl 2 were observed, similar to those in the above-mentioned model compounds, which further indicates that the spiro-carbon linkages disrupt intramolecular electronic coupling. Furthermore, the symmetric mirror images of the absorption and emission spectra, as well as the very small Stokes shift (4 nm), coincide with the super-rigid molecular structure of Spiro-F. It is noted that the relative emission intensity of the peaks at 379 and 383 is changed while increasing the solution concentration (Fig. S6, ESI †) . When comparing the solid with the solution state, the maximum emission peak of Spiro-F presents a redshift, together with the appearance of a long tail in the range of l = 470-620 nm, suggesting the existence of intermolecular aggregation. Using 9,10-diphenylanthracene (F = 0.9 in cyclohexane, l Exc = 325 nm) as a standard, the photoluminescence quantum yield (PLQY) of Spiro-F was measured as high as 0.76 AE 0.03, which qualifies Spiro-F for use in OLEDs.
To obtain information on the frontier orbital energies of Spiro-F, its redox behavior was investigated by cyclic voltammetry (CV) with the ferrocene/ferrocenium (Fc/Fc + ) couple as a reference. As shown in Fig. S7 (ESI †), during the anodic and cathodic sweep in CH 2 Cl 2 , only three oxidation waves were observed, with E 1/2 potentials at 1.27, 1.40 and 1.48 V. The first wave is ascribed to the oxidation of the DFF backbones (Fig. S5 , ESI †). 39 This further illustrates that the spiro-carbon linkage maintains the properties of the conjugated DFF backbones. The energy of the highest occupied molecular orbital (HOMO) is estimated from the equation E HOMO = [E red1/2 À E Fc1/2 + 4.8] is À5.62 eV. According to the optical gap (E g ) determined from the absorption onset, the lowest unoccupied molecular orbital (LUMO) level of Spiro-F is À2.43 eV based on the equation
In order to obtain further insight into the optoelectronic characteristics of Spiro-F, density functional theory (DFT) calculations were performed. As shown in Fig. 3, the HOMO, HOMOÀ1 , LUMO and LUMOÀ1 are largely localized on the DFF backbones, while the fluorene units are not involved in the corresponding frontier orbitals. In the case of HOMO+2 and LUMOÀ2, they are predominately contributed by the fluorene moieties, which is similar to the situation in ladder-type oligophenylene materials. 34 Interestingly, reports have shown that the S1/T1 values of Spiro-4S and Spiro-4SO 2 are the same. 36 Thus, we can conclude that the optoelectronic properties of Spiro-F mainly arise from its DFF backbone.
Electroluminescent devices
A single-layer device was fabricated with the configuration: ITO/ Spiro-F/LiF/Al (Fig. S8 , ESI †). As shown in . This represents a significant enhancement over ladder-type oligo-or polyphenylenebased devices. 34 In order to further develop a Spiro-F-based white OLED, the yellow emitter 3,4,5,6-tetrakis(3,6-diphenyl-carbazol-9-yl)-1,2-dicyanobenzene (4CzPNPh) was employed as a dopant, since the emission spectrum of Spiro-F largely overlaps with the absorption spectrum of 4CzPNPh, thus allowing energy transfer.
We fabricated the complementary emitting devices with a bi-EML configuration of ITO|MoO 3 (6 nm)|NPB (70 nm)|mCP (5 nm)|Spiro-F:4CzPNPh(20 nm, 0.5 wt%)|Spiro-F (5 nm)|TPBI (30 nm)|LiF (1 nm)|Al (Fig. 4a) . As expected, blue and orange emission peaks were observed, while the relative intensity of the orange component was voltage dependent (Fig. S10, ESI †) . This can be ascribed to incomplete energy transfer from Spiro-F to 4CzPNPh, or partial carrier trapping at the 4CzPNPh site. Noticeably, our preliminary device studies present a low turnon voltage (3.5 V) and white emission with CIE coordinates of (0.29, 0.33) at 8 V. Efficiencies have also been realized with maxima of 3.6 Cd A À1 for current efficiency, 1.4 lm W À1 for power efficiency, and 1.8% for external quantum efficiency, which are comparable to the well-known white OLEDs based upon phosphole derivatives ( Fig. 4b and c) . 40, 41 The peak positions for Spiro-F and 4CzPNPh emissions do not depend on 4CzPNPh doping concentration (Fig. S11, ESI † , and 3.9%, respectively when the doping ratio of 4CzPNPh increases to 5% (Fig. S12 and S13, ESI †). A ''super-rigid'' structure such as Spiro-F thus plays an important role in achieving highly efficient white OLEDs.
Conclusions
In conclusion, we have developed a rigid multiple spirobifluorenebased blue emitter with a high photoluminescence quantum yield. The rigid structure with spiro-carbon linkages proves beneficial for thermal stability and solution processability, respectively. Highquality amorphous films can be obtained, whilst avoiding keto defects. Due to fluorenes introducing a steric effect, no intermolecular p-p interactions are observed in the single crystals. Spiro-F based WOLEDs provide promising results, highlighting the great potential of the title structure as both host and blue emitter. This work not only supports the significance of extended rigid structures for emitting materials but also constitutes a feasible approach toward high molecular-weight 3D emitters with multiple spiroconnections.
Experimental section
Synthesis and characterization of 3,3 0 ,9,9 0 -tetra-tert-butyl- 2-Bromobiphenyl (1.2 mL, 7.1 mmol) in dry THF (25 mL) was added slowly to a flask charged with iodine (10 mg, 0.04 mmol) and magnesium (0.18 g, 7.5 mmol) to initiate the Grignard reaction under an inert atmosphere. The mixture was then refluxed for 5 h. Subsequently, the 25 mL THF solution of Spiro-4O (0.3 g, 0.32 mmol) was added all at once and refluxed overnight. After cooling to room temperature, the THF was evaporated under reduced pressure, followed by the addition of water (50 mL) and 1 M HCl (50 mL) to quench the reaction. The mixture was stirred for 3 h and then extracted with DCM (3 Â 50 mL). The organic phases were combined, washed with brine (2 Â 100 mL), dried over Na 2 SO 4 and filtered. The solvent was removed by rotary evaporation. The resulting residue was dissolved in acetic acid (50 mL) and refluxed overnight. After cooling to room temperature, the mixture was then poured into water (100 mL). The crude product was precipitated and collected by filtration, washed with water and subjected to column chromatography, using hexane/DCM (10 : 1) as eluent to obtain the desired pure compound as a white solid (420 mg, 88% 
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